Introduction 64
Understanding the origin and genetic architecture of complex traits associated with local 65 adaptation is a central goal of evolutionary biology. One ongoing debate concerns the 66 extent to which phenotypic plasticity may facilitate or constrain adaptation to new 67 environments (Baldwin, 1896 adaptive plasticity is seen for gene expression changes in guppies reared in the absence of 78 predators (Ghalambor et al., 2015) . Which of these two outcomes is most likely remains 79 unclear and may depend both on the phenotype in question and the environmental 80 heterogeneity to which populations have been exposed (e.g. Huang & Agrawal, 2016) . 81 82 House mice (Mus musculus domesticus) provide an opportunity to study plastic and evolved 83 changes in the context of adaptation to novel environments. House mice are native to 84 western Europe but were recently introduced to the Americas with European colonization, 85 approximately 400-600 generations ago (Phifer-Rixey & Nachman, 2015). In this short 86 living in more mesic environments, occasionally go through periods of water stress, 110 selection may have favored plastic responses that enable mice to survive periods of water 111 shortage (i.e. adaptive plasticity). Here we are interested in whether the evolved 112 differences between mice from more mesic environments and mice from more xeric 113 environments mirror the plastic responses seen within populations, both for organismal 114 level phenotypes and for gene expression in the kidney. Changes in gene expression in the 115 kidney may also help identify candidate genes for adaptation to xeric conditions. 116
117
To assess the contribution of plastic and evolved changes to a xeric environment, we 118 studied lab-born descendants of wild mice from two populations, one from Edmonton, 119
Canada and one from Tucson, Arizona. While neither population experiences high 120 precipitation, the annual precipitation in Edmonton is 57% more than in Tucson, and these 121 two locations differ dramatically in average temperature. We address four primary 122 questions. (1) Do progeny of wild mice from these two populations exhibit phenotypic 123 differences when reared in a common laboratory setting, indicating that the phenotypes 124 have a genetic basis? (2) Do these same phenotypes exhibit plastic (non-genetic) changes 125 when mice are exposed to water limitation? (3) Are plastic changes generally in the same 126 or opposite direction as the evolved changes? (4) Do gene co-expression networks identify 127 sets of genes and corresponding phenotypes that underlie adaptation to xeric conditions? 128
We find that in a common environment, Tucson mice drink less water than Edmonton mice 129 and differ in blood chemistry and gene expression in the kidney. These same traits exhibit 130 significant plasticity when mice are fully hydrated compared to mice under water stress, 131 and evolved differences are generally in the same direction as plastic differences, both for 132 gene expression and for organism-level phenotypes. Finally, co-expression networks 133 identify groups of genes that likely underlie adaptation to xeric conditions. These findings 134 suggest an important role for adaptive plasticity in the colonization of the desert 135 environment. 136 137
Materials and Methods 138
Mice 139
To assess whether mice from the Sonoran Desert differ in water consumption compared to 140 mice from other habitats, we used wild-derived mouse lines developed in our lab from a 141 range of localities in the Americas. Wild house mice were caught from five populations in 142 different habitats and used to create inbred lines through sib-sib mating over multiple 143 generations. The five localities were Tucson, AZ, USA (TUC); Edmonton, Alberta, Canada 144 (EDM); Gainesville, FL, USA (GAI); Saratoga Springs, NY, USA (SAR); and Manaus, 145
Amazonas, Brazil (MAN). In nearly all cases, lines were established from unrelated 146 individuals. Lines were maintained in the laboratory for 6-19 generations on a diet of 147 standard mouse chow. All mice were handled in accordance with a UC Berkeley Animal 148
Care and Use protocol (protocol AUP-2016-03-8548-1). 149 150
Measuring water consumption 151
To quantify differences among populations, we measured water consumption over 72 152 hours in 163 adult males representing 45 different inbred lines (Table S1 ). In total, 40 153 individuals were measured from Tucson, 24 from Gainesville, 48 from Edmonton, 23 from 154 Saratoga Springs, and 28 from Manaus. Mice were between 90 and 200 days of age and 155 were housed singly in cages at 23°C with a 10 hour dark and 14 hour light cycle on 156 standard Teklad Global rodent chow (18% protein, 6% fat). Body weight and amount of 157 water consumed after 72 hours were recorded, and relative water consumption (RWC) was 158 calculated (grams of water consumed per gram of mouse). Relative water consumption was 159 used as a metric due to the population level variation in body weight. 160
161
Measuring phenotypic plasticity 162
To study evolved and plastic responses to xeric conditions, we chose one wild-derived 163 inbred line each from Tucson and Edmonton [Tucson: TUSA4xA8 (TUCC/Nach), Edmonton: 164 TAS111x165 (EDMA/Nach)]. These lines were chosen because they showed large 165 differences in water consumption as well as little variance within lines. Male littermates 166 from these lines were assigned at random to either control or water restriction treatments 167 and housed individually post-weaning with water ad libitum. After 90 days of age, mice 168 were weighed and phenotyped for relative water consumption. Following phenotyping 169 (average age = 99 days), mice assigned to the water restriction treatment (Edmonton n=11, 170 removed genes with a mean fewer than ten reads across samples from additional analyses. 200
The R package DESeq2 (Love et al., 2014 ) was used to test for differential expression 201 between (1) treatments within each population, and (2) populations within each treatment. 202
Genes were retained as significant at a false-discovery rate of 5%. 203
204

Gene co-expression analyses 205
We used standard protocols (Langfelder & Horvath, 2008) to perform a weighted gene co-206 expression network analysis on expression residuals for the 20 individuals to identify 207 expression modules. We tested for associations between eigengenes (the first principle 208 component of a module) and each of the nine phenotypes described (RWC, kidney weight, 209 proportion of weight maintained, serum BUN, serum creatinine, serum total protein, serum 210 chloride, serum potassium, and serum sodium) as well as population of origin and 211 treatment group. We were able to assign genes membership to expression modules as well 212 as position relative to the center of the module. Genes that are more central (i.e. those that 213 have more connections with other genes in a module) are good targets for putative 214 candidate genes related to phenotypes of interest, population of origin, or treatment group. 215
Additionally, to identify genes that show differential co-expression between Tucson and 216 Whitney U, p < 0.00001)( Figure 1b ). For this reason, we chose to focus on comparisons 239 between lines from these two populations in all subsequent analyses. 240 241
Evolved and plastic phenotypic differences associated with xeric conditions 242
Water consumption is a complex trait with many factors contributing to the ultimate 243 phenotype. To further characterize this phenotypic variation, we compared the inbred line 244 from Tucson with the lowest average water consumption (TUCC/Nach) to the inbred line 245 from Edmonton with the greatest average water consumption (EDMA/Nach). 246 247 First, we compared mice from these two lines under standard (hereafter, "hydrated") 248
conditions. In addition to the difference in water consumption seen between mice from 249 these lines ( Figure S1 ), we found that hydrated mice from Tucson and Edmonton showed 250 several phenotypic differences related to fluid consumption and homeostasis in a standard 251 laboratory environment. Edmonton mice had heavier kidneys relative to their body weight 252 than Tucson mice (p = 0.00015)( Figure S2 ), but did not show significant differences in two 253 aspects of gross morphology: renal cortex thickness nor the ratio of papilla to cortex 254 thickness ( Figure S3 ). The relative thickness of the papillae in the medulla is correlated 255 with urine concentrating ability; thicker medullas are often associated with animals 256 inhabiting more arid climates (Al-kahtani et al., 2004). Anecdotally, mice from Tucson 257 appeared to produce far less urine than mice from Edmonton, consistent with many desert 258 rodents, but this was not measured in this study due to difficulty in obtaining urine from 259 Tucson mice. In blood chemistry comparisons between hydrated Tucson and Edmonton 260 mice, Tucson mice had higher chloride (median mmol/L: Tucson: 114.9, Edmonton: 112.5, 261 p=0.03, Figure 2a ) and creatinine (median mg/dL: Tucson: 0.17, Edmonton: 0.11, p=0.02, 262 Figure 2b ) levels. Chloride, an electrolyte, is a marker of dehydration and thus expected to 263 be at higher concentrations in the blood of dehydrated animals (MacManes, 2017). 264
Creatinine is a waste product of normal muscle metabolism that is removed from the blood 265 to be excreted by the kidney mainly through glomerular filtration. Blood creatinine levels 266 increase as glomerular filtration, and thus kidney function, decreases and therefore is often 267 used as a measure of kidney health (Kassirer, 1971) . The increased levels of serum chloride 268 and creatinine, commonly warnings for declining osmoregulatory function, in healthy 269
Tucson mice suggests that their baseline kidney function differs from that of Edmonton 270 mice and they may be able to function normally despite higher blood osmolarity. 271 272 Next, we asked how mice from Tucson and mice from Edmonton differed in their response 273 to water stress. We took male full-siblings from the same litter as mice from our hydrated 274 comparison and withheld water from these mice for 72-hours. Hereafter, we refer to the 275 water-restricted group as "dehydrated." We found that Tucson mice lost significantly less 276 weight than Edmonton mice over the course of 72 hours without access to water (median 277 percent weight maintained: Tucson: 0.82, Edmonton: 0.78, Figure 2c ) (Mann-Whitney U, 278 p=0.027) suggesting that Tucson mice are more buffered against water stress. Comparing 279 blood chemistry measures after mice were subjected to water stress, we found that Tucson 280 mice measured higher in BUN (median mg/dL: Tucson: 64.45, Edmonton: 43.80, p=0.03, 281 Figure 2d ), chloride (median mmol/L, Tucson: 129.60, Edmonton: 111.95, p=0.03, Figure  282 2a), and potassium (median mmol/L: Tucson: 18.06, Edmonton: 7.78, p=0.03, Figure S4a ) 283 than Edmonton mice. BUN is a waste product from the liver during the metabolism of 284 protein and increases as glomerular filtration rate and blood volume decreases (Baum et 285 al., 1975) . Similarly, high levels of serum potassium often reflect a decrease in filtration of 286 the solute from the blood and thus decreased kidney function (Schwartz, 1955) although 287 this measure is particularly sensitive to lysed blood cells during collection and could reflect 288 the challenge of collecting blood from dehydrated animals. Regardless of treatment, Tucson 289 mice maintained higher serum chloride levels than Edmonton mice. In contrast, potassium 290 levels were higher in Tucson mice only in the dehydrated treatment. High levels of both of 291 these electrolytes are consistent with dehydration. Dehydrated mice from Tucson showed 292 greater indicators for dehydration and kidney dysfunction than Edmonton mice but lost 293 less weight when water stressed. This may reflect a greater evolved capacity to respond to 294 the stress of dehydration. The fact that phenotypic differences in both hydrated and 295 dehydrated animals persist in a common environment indicates that they may have a 296 genetic basis. 297 298 While differences between the Tucson and Edmonton lines represent evolved differences, 299 differences between hydrated and dehydrated mice are evidence of plastic responses to 300 water stress. Many of the traits that differed between lines also exhibited phenotypic 301 plasticity in comparisons between hydrated and dehydrated mice within lines. Dehydrated 302
Tucson mice had higher levels of serum BUN compared with hydrated Tucson mice 303 (median mg/dL, Hydrated:25.20, Dehydrated: 64.45, p=0.008, Figure 2d ). BUN differed 304 both between stressed and control mice from Tucson and was higher than in Edmonton 305 mice when water stressed. Dehydrated Edmonton mice had higher levels of serum 306 creatinine (median mg/dL: Hydrated: 0.11, Dehydrated:0.14, p=0.03, Figure 2b ) and 307 sodium (mean mmol/L: Hydrated: 153, Dehydrated: 161, p=0.01, Figure S4b ) compared 308 with hydrated Edmonton mice, reaching the levels for both solutes that were seen in 309
Tucson hydrated and dehydrated animals. The only solute that responded to water stress 310 in both lines was total protein (median g/dL: Edmonton: Hydrated: 5.29, Dehydrated: 6.89, 311 p=0.01, Tucson: Hydrated: 5.68, Dehydrated: 7.29, p=0.008). Total protein measures the 312 concentration of both albumin and gobulin in the blood which increases with dehydration 313 (Senay & Christensen, 1965) . These results indicate that while both lines react 314 physiologically to the stress of dehydration, they may do this through different 315 mechanisms. 316
317
Evolved and plastic transcriptional responses to xeric conditions 318
Changes in gene expression provide a flexible mechanism for rapidly responding to 319 changes in the local environment, and can also underlie evolutionary divergence. Kidneys 320 are the primary osmoregulatory organ and are essential for homeostasis and solute 321 excretion. To identify candidate genes underlying adaptation to low water environments 322 over short evolutionary timescales as well as plastic responses to water restriction, we 323 sequenced mRNA from kidneys of ten Tucson and ten Edmonton mice, five from the 324 dehydrated and five from the hydrated treatment. Differences in expression between 325
Tucson and Edmonton mice in a common environment represent evolved differences, 326 while differences between dehydrated and hydrated treatments represent a plastic 327 response to water restriction. 328
329
We sequenced a total of ~1.3 billion reads for an average of 26,406,068 uniquely mapped 330 reads per sample which were used to quantify mRNA expression levels and differential 331 expression between samples. Gene expression was measured in a total of 54,233 genes as 332 defined by Ensembl GRCm38 (mm10) with 19,105 genes expressed over a mean of ten 333 reads per sample. Sampling the 1000 genes with the greatest variance, we found that 334
Tucson and Edmonton individuals clustered separately, indicating that more of the gene 335 expression variation was partitioned between line-of-origin than between treatment group 336 Edmonton dehydrated vs. Edmonton hydrated individuals. Overall, we found more genes 344 were differentially expressed between the two lines than between the treatment groups 345 (FDR of 5%; see methods). A total of 3,935 genes were differentially expressed between 346 hydrated Edmonton and Tucson mice while a total of 3,419 genes were differentially 347 expressed between dehydrated Tucson and Edmonton individuals, a 51% overlap with 348 differences seen between hydrated Tucson and Edmonton mice. transcriptional response to dehydration with respect to these two lines and is enriched for 356 phenotypes including dehydration (q=9x10 -3 ) and decreased vasodilation (q =3.8x10 -2 ) and 357 GO terms involved in regulation of blood pressure (q = 4.99x10 -2 ). Genes differentially 358 expressed between hydrated and dehydrated Edmonton mice were also enriched for GO 359 terms relevant to water stress, such as renal system processes (q = 5.08 x 10 -2 ) and 360 regulation of body fluids (q = 1.30x10 -2 ). Within genes solely differentially expressed 361 between the Tucson groups, we saw enrichment for homeostasis related GO terms (see File 362 S1), but not for any kidney-specific categories. In addition to having a greater number of 363 differentially expressed genes in Edmonton comparisons, we also found that the average 364 magnitude of expression differences between hydrated and dehydrated treatments (|log2 365 fold change|) was significantly greater for Edmonton mice than for Tucson mice (Mann-366
Whitney U, p < 2.2 x 10 -16 ) ( Figure 3c ). Together, these results are consistent with 367
Edmonton mice being farther from their physiological optimum when water stressed than 368 are Tucson mice, consistent with the hypothesis that Tucson mice are locally adapted to a 369 water limited environment. 370 371
Dehydrated Edmonton mice show shifts towards Tucson-like expression 372
Next, we were interested in asking whether the plastic changes in response to water stress 373 in the non-xeric mice (i.e. Edmonton) go in the same or opposite direction as the evolved 374 differences between mice from xeric and non-xeric habitats. Specifically, we were 375 interested in whether Edmonton mice placed under water stress would show 376 transcriptional responses that make them more similar to the base-line condition of Tucson 377 mice. Therefore, we focused on differentially expressed genes between the Edmonton 378 hydrated and dehydrated groups and asked whether the Edmonton dehydrated group 379 showed shifts in expression in the direction of the Tucson hydrated condition (Figure 4a ). 380
The majority of these genes (85%, 416 genes) showed changes in the same direction, 381 meaning that the putatively adaptive and plastic responses were in the same direction (+/+ 382 and -/-) (Binomial exact test, P<0.0001). Only 15% (74 genes) show changes in opposite 383 directions (+/-and -/+) ( Figure 4b ). 384
385
The group of 416 genes with evolved and plastic changes in the same direction was 386 enriched for GO terms involved in homeostasis and ion transport and for mutant 387 renal/urinary system phenotypes (q = 0.035). For example, one of these genes, Aquaporin 1 388 (Aqp1), showed differences in expression between hydrated and dehydrated Edmonton 389 mice (q = 0.0016) and between the hydrated conditions of both lines (q = 0.00019)( Figure  390 5a). In Tucson mice, there was no significant effect of treatment on expression level, but in 391 Edmonton mice, expression increased in response to water stress recapitulating the 392 constitutive expression level of the mice from Tucson. Aquaporins are a family of 393 membrane proteins which form channels used to transport water and small solutes across 394 cell membranes. Aqp1 is expressed in the descending loop of Henle, and channels formed 395 from this protein are the main route through which water is reabsorbed in this region 396 (Chou et al., 1999) . It is known to affect urine concentrating ability, response to 397 dehydration, and renal water transport in lab lines of house mice (Ma et al., 1998; Sohara et 398 al., 2005) and has been identified in a several studies related to desert adaptation in 399 rodents (reviewed in Pannabecker, 2015) . In our analyses, expression of Aqp1 was 400 associated with variation in six of the nine measured phenotypes (Creatinine, p=0.020; 401 total protein, p=0.012; potassium, p=0.0094; weight loss, p=0.016; kidney weight, 402 p=0.0077; RWC, p=0.022). 403
404
Of the 416 genes where dehydrated Edmonton mice showed shifts towards Tucson-like 405 expression, the majority (87%) were not differentially expressed between hydrated and 406 dehydrated Tucson mice. For the 54 of these genes that were differentially expressed in the 407
Tucson comparison, in all cases the plastic response was observed to be changing in the 408 same direction as in Edmonton mice. 409 410 Co-expressed sets of genes are associated with phenotypic variation in Tucson and Edmonton 411 mice 412
To identify transcriptional networks associated with phenotypic variation in Tucson and 413 Edmonton mice, we performed a weighted gene co-expression network analysis (WGCNA). 414
This analysis uncovers genes with highly correlated expression profiles and groups them 415 into modules reflecting hypotheses about connectivity. We identified 54 co-expression 416 modules, with at least one module significantly associated with each of the nine 417 phenotypes ( Figure S5 ). Of these, the "salmon" module ( Figure S6a ) was of particular 418 interest because it was significantly associated with all nine phenotypes (BUN, p=0.02; 419 Creatinine, p=0.006; total protein, p = 1 x 10 -4 ; Chloride, p = 0.002; Potassium, p = 0.001; 420 Sodium level, p = 0.01; weight loss, p = 0.007; kidney weight, p = 0.03; RWC, p= 0.006) as 421 well as population of origin (p = 0.006) and treatment (p = 0.001). Genes in this module 422 were enriched for several metabolic processes, including glyceraldehyde-3-phosphate 423 metabolic process (q = 6.85 x 10 -9 ), ribose phosphate metabolic process (q = 1.45x 10 -8 ), 424 and carbohydrate derivative metabolic process (q = 1.3 x 10 -7 ). Visualizing the most 425 connected genes in the salmon module, we identified Tmtc1, Apoe, and Sult1a1 as the most 426 centrally located hub genes ( Figure S6a ). All three of these genes were identified in our 427 previous analysis as genes for which dehydrated Edmonton mice showed shifts towards 428
Tucson-like expression ( Figure 4) . In addition to shifts in the expression of entire co-expression modules, populations may 440 differ as a consequence of altered co-expression between pairs of genes, called differential 441 co-expression. In order to identify genes that show differential co-expression between 442
Tucson and Edmonton, we calculated the average change in correlation between the two 443 lines across all gene pairs using the program DGCA (Differential Gene Correlation Analysis) 444 (McKenzie et al., 2016). We identified 182 genes that showed significantly different co-445 expression between Tucson and Edmonton individuals (q <0.10, see methods). These genes 446 were enriched for several GO categories including glycolysis: generation of precursor 447 metabolites and energy (q = 0.0013), cellular amino acid metabolic process (q = 0.00046), 448 and lipid metabolic process (q = 0.0014). This gene set was also enriched for mutant 449 phenotypes related to renal/urinary system (q = 0.00001), abnormal urine homeostasis 450 (q = 0.005), and abnormal ion homeostasis (q = 0.01). One of the genes with significant 451 changes in co-expression was Aqp1, which is involved in renal water transport. We also 452 found that several solute carriers (Slc22a19, Slc11a2, Slc36a1, Slc47a1, Slc12a1, Slco3a1) 453 showed evidence of differential co-expression, including one (Slc47a1) that has been 454 shown to be under positive selection in the desert-adapted cactus mouse, Peromyscus 455 eremicus (Kordonowy et al., 2017) . Slc47a1 mouse mutants are also associated with 456 increased BUN, increased circulating creatinine level, and kidney degeneration (Tsuda et 457 al., 2009 ). Altogether, these results suggest that Tucson and Edmonton mice show shifts in 458 the expression of co-expression modules as well as changes in the co-expression 459 associations between sets of genes. 460
Discussion 461
Here we have described phenotypic and transcriptional divergence between descendants 462 of mice from a desert environment and descendants of mice from a more mesic 463 environment when reared under identical laboratory conditions. We also described plastic 464 responses in these mice under conditions of water stress. First, we showed that inbred 465 lines derived from the Sonoran desert consume less water than do mice from other 466 populations in the Americas. Next, comparisons between a single line from Tucson and a 467 single line from Edmonton revealed many phenotypic differences in a common 468 environment, both at the organismal level and at the gene expression level in the kidney. 469
The fact that these differences were present after multiple generations in the lab indicates 470 that they are genetically based. Nonetheless, these same traits reveal considerable 471 plasticity in comparisons between control mice and mice under conditions of water stress. 472
Notably, we found that Tucson mice showed attenuated responses to water stress. After a 473 72 hour period without water, Tucson mice lost less weight and showed fewer expression 474 differences in the kidney. Surprisingly, the blood chemistry of Tucson mice was consistent 475 with higher levels of dehydration and reduced kidney function, both under standard and 476 water-restricted conditions. However, phenotypes that appear maladaptive in one genomic 477 or environmental context may be adaptive in another (e.g., Riddle Simpson, 1953; Waddington, 1942 Waddington, , 1952 Waddington, , 1953 . We found 485 that the evolved differences in kidney gene expression between Tucson and Edmonton 486 mice were generally in the same direction as plastic changes in Edmonton individuals 487 under water stress. Consequently, under water stress, gene expression in Edmonton mice 488 becomes more similar to that of Tucson mice under hydrated conditions. This result is 489 consistent with the idea that plastic responses to short-term water stress are an example of 490 adaptive plasticity. Thus, plastic responses to water stress may have helped facilitate the 491 colonization and subsequent adaptation of house mice to the desert environment. However, when plastic responses to a new environment are incomplete, directional 508 selection may favor a more extreme phenotype and lead to subsequent genetic changes 509 (Price et al. 2003) . While all house mice, even those in mesic environments, likely undergo 510 short periods of water stress, water stress is likely to be more severe in desert 511 environments. Phenotypic comparisons between Edmonton and Tucson mice suggest that 512 plastic responses to water stress in Edmonton mice may be suboptimal. Tucson mice drink 513 less water on average and lose less weight in response to dehydration, indicating that these 514 animals are buffered against water stress in a way that Edmonton mice are not. The blood 515 chemistry comparisons reported here also suggest there are differences between Tucson 516 and Edmonton kidney function and homeostasis. Consequently, we suggest that while 517 phenotypic plasticity likely helped house mice colonize the Sonoran desert, the xeric 518 environment still imposed sufficient selective pressure for subsequent genetic changes. 519
Finally, the comparison of gene expression changes both between treatments and between 520 lines has identified a few genes that may be important in the adaptive response. Expression 521 changes pinpoint a number of interesting candidates, including Aqp1 and Apoe. Future 522 studies aimed at identifying cis-regulatory variation at these genes might help to pinpoint 523 causative mutations underlying adaptation to desert environments. 524
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